The accumulation of substantial quantities of O 2 in the atmosphere has come to control the chemistry and ecological structure of Earth's surface. Non-mass-dependent (NMD) sulphur isotope anomalies in the rock record 1 are the central tool used to reconstruct the redox history of the early atmosphere. The generation and initial delivery of these anomalies to marine sediments requires low partial pressures of atmospheric O 2 (p O 2 ; refs 2, 3), and the disappearance of NMD anomalies from the rock record 2.32 billion years ago 1,4 is thought to have signalled a departure from persistently low atmospheric oxygen levels (less than about 10 25 times the present atmospheric level) during approximately the first two billion years of Earth's history. Here we present a model study designed to describe the long-term surface recycling of crustal NMD anomalies, and show that the record of this geochemical signal is likely to display a 'crustal memory effect' following increases in atmospheric p O2 above this threshold. Once NMD anomalies have been buried in the upper crust they are extremely resistant to removal, and can be erased only through successive cycles of weathering, dilution and burial on an oxygenated Earth surface. This recycling results in the residual incorporation of NMD anomalies into the sedimentary record long after synchronous atmospheric generation of the isotopic signal has ceased, with dynamic and measurable signals probably surviving for as long as 10-100 million years subsequent to an increase in atmospheric p O2 to more than 10 25 times the present atmospheric level. Our results can reconcile geochemical evidence for oxygen production and transient accumulation with the maintenance of NMD anomalies on the early Earth [5] [6] [7] [8] , and suggest that future work should investigate the notion that temporally continuous generation of new NMD sulphur isotope anomalies in the atmosphere was likely to have ceased long before their ultimate disappearance from the rock record.
The accumulation of substantial quantities of O 2 in the atmosphere has come to control the chemistry and ecological structure of Earth's surface. Non-mass-dependent (NMD) sulphur isotope anomalies in the rock record 1 are the central tool used to reconstruct the redox history of the early atmosphere. The generation and initial delivery of these anomalies to marine sediments requires low partial pressures of atmospheric O 2 (p O 2 ; refs 2, 3), and the disappearance of NMD anomalies from the rock record 2.32 billion years ago 1, 4 is thought to have signalled a departure from persistently low atmospheric oxygen levels (less than about 10 25 times the present atmospheric level) during approximately the first two billion years of Earth's history. Here we present a model study designed to describe the long-term surface recycling of crustal NMD anomalies, and show that the record of this geochemical signal is likely to display a 'crustal memory effect' following increases in atmospheric p O2 above this threshold. Once NMD anomalies have been buried in the upper crust they are extremely resistant to removal, and can be erased only through successive cycles of weathering, dilution and burial on an oxygenated Earth surface. This recycling results in the residual incorporation of NMD anomalies into the sedimentary record long after synchronous atmospheric generation of the isotopic signal has ceased, with dynamic and measurable signals probably surviving for as long as 10-100 million years subsequent to an increase in atmospheric p O2 to more than 10 25 times the present atmospheric level. Our results can reconcile geochemical evidence for oxygen production and transient accumulation with the maintenance of NMD anomalies on the early Earth [5] [6] [7] [8] , and suggest that future work should investigate the notion that temporally continuous generation of new NMD sulphur isotope anomalies in the atmosphere was likely to have ceased long before their ultimate disappearance from the rock record.
One of the most important recent advances in studies of Earth's early atmospheric chemistry has been the demonstration that NMD sulphur isotope anomalies, often of very large magnitude, are preserved in sedimentary sulphide and sulphate minerals more than ,2.32 Gyr old 1, 4 . The generation and preservation of these anomalies is generally considered to require active and widespread tropospheric photochemistry involving SO 2 dissociation at short wavelengths, which in turn implies minimal ozone column depth 2 ; a strongly reducing atmosphere, such that multiple exit channels for sulphur at different redox states can be maintained 3, 9 ; and minimal metabolic overprinting of atmospherically derived isotope anomalies within marine environments 10 . The second and third conditions result from simple mass balance: even if NMD anomalies are generated in the atmosphere, isotopically complementary sulphur pools must be removed from the atmosphere and transported to marine sediments with minimal homogenization by inorganic or biological processes. Under these conditions, photochemically derived sulphur containing NMD isotope anomalies will be delivered to the hydrosphere and ultimately buried as a constituent of various sulphur-bearing mineral phases, primarily pyrite (FeS 2 ). The presence of these anomalies to varying degrees between ,3.8 Gyr ago, the time of the earliest sedimentary record, and ,2.32 Gyr ago is interpreted to reflect a strongly reducing atmosphere over this entire interval, with the implication that atmospheric p O2 was extremely low for more than half of Earth's history (Fig. 1a) . Implicit in this framework is the notion that the generation and transfer of these anomalies into the upper crust through the burial of authigenic marine minerals provides an effectively instantaneous record of ambient atmospheric chemistry, but this assumption ignores the potential importance of sedimentary recycling.
There is a striking asymmetry in the D
33
S record through Archaean time (Fig. 1a, b) , with the data skewed in favour of positive D
S values. Importantly, it is the preservation (and associated crustal recycling) of this NMD sulphur isotope asymmetry that allows for the possibility of a temporal lag between the generation and the ultimate removal of the signal from the oceanic sulphur reservoir. We emphasize that although there are probably several mechanistic explanations for this pattern [11] [12] [13] (Supplementary Information), what matters foremost for our purposes is the veracity of this empirical observation, regardless of mechanism. This observed asymmetry could be misleading if a sedimentary sulphate reservoir with a complementary negative isotopic composition were deposited synchronous with the generation of the record shown in Fig. 1 but has not been preserved through geologic time as a consequence of more rapid weathering, or if seawater sulphate with the negative D
S complement was thermochemically or microbially reduced and buried into a weatherable sedimentary sulphide reservoir that has been strongly undersampled. In the first case, analysis of the more abundant sulphur isotopes ( 34 S and 32 S) indicates that essentially all sulphur entering the Earth surface system was removed as a constituent of pyrite during the Archaean eon 14 , leaving little scope for an isotopically complementary Archaean sulphate reservoir that has left no trace on the modern Earth. Consistent with this, extremely low seawater sulphate concentrations during the Archaean relative to the present 15 would probably have rendered large-scale evaporite formation and burial extremely difficult. In the second case, the cumulative average for published D
S values has continued to point to a predominance of positive values in bulk rock measurements as the database of Archaean rare sulphur isotopes has increased in size, while the confidence interval around the mean has continually decreased (Fig. 1b) . This relationship indicates that the asymmetry towards positive values does not reflect a sampling bias.
To explore the implications of this asymmetry for long-term recycling of NMD sulphur isotope anomalies, we used a well-established numerical modelling approach. The specific goal was to quantify the importance of recycling D
S signals between the ocean and upper crust (Fig. 2) . The model begins with a variation on a class of simple box models used to describe the surface cycling of carbon and sulphur during the Phanerozoic eon, termed 'rapid recycling' models [16] [17] [18] . This group of models and our specific approach are variants on models for global carbon-sulphur-oxygen cycling that have been used for decades to explore the dynamics of these coupled biogeochemical cycles at Earth's surface 19, 20 . Such models have been used extensively to predict . Our model, which tracks only sulphur, partitions sulphur into three reservoirs: the oceanic sulphate pool and two crustal reservoirs of sedimentary pyrite (Fig. 2) . The two crustal reservoirs are referred to as 'young' and 'old', and the primary difference between them other than their overall mass is the speed at which they are recycled. The models build from the geologically reasonable premise that the most recently deposited sediments are more likely to be recycled on a short timescale. Fluxes between reservoirs are predominantly first order with respect to mass; their magnitude depends on the size of the reservoir from which the flux is derived. Three notable exceptions are volcanic inputs and the weathering of igneous (and, thus, isotopically normal, with D 33 S < 0%) sulphides, which are both imposed as constant fluxes within a given model run, and the flux between the two crustal pyrite reservoirs. The latter is set equal to the weathering flux from the old pyrite reservoir such that the mass of this reservoir does not change 16 . Our main interest here is tracking the D
S of seawater sulphate, because this signal will be directly incorporated into sedimentary sulphide minerals under the logical assumption that all subsequent isotope fractionations are mass dependent. We note, however, that there was likely to have been spatial isotopic heterogeneity within the ocean if marine sulphate concentrations were very low, and this possibility has not been incorporated into our model. However, the primary result of spatial isotopic heterogeneity would be to introduce scatter around the trends presented here. In effect, the NMD sulphur isotope signal behaves as a conservative tracer when cycled through a purely mass-dependent sulphur cycle at Earth's surface. In our model, the isotopic composition of seawater sulphate, d 3x sw , will evolve through time according to (Methods and Supplementary Information)
where M sw is the oceanic mass of seawater sulphate, F i and d The model tracks all four stable sulphur isotopes and includes a parameterization of biologically induced isotope fractionation, but we restrict our attention here to the D and seafloor sulphide minerals 9, 23 ), although we emphasize that for many periods of Archaean time this value was considerably more negative (Fig. 1a) . We then study the effect of various values for the initial D
S of rapidly weathering sedimentary pyrite, isotopically normal input fluxes (volcanic and igneous weathering) and seawater sulphate concentrations. We stress, however, that these values and the parameter space explored, although certainly plausible, are only meant to be delineative. Our goal is to investigate the timescales on which crustal recycling of NMD isotope anomalies can be expected to leave an imprint on the isotopic composition of the oceanic sulphate reservoir, rather than to simulate specific features of the sedimentary NMD sulphur record. The latter goal is a subject for future research.
There is a notable 'memory effect' associated with the sedimentary recycling of D
S anomalies (Fig. 3a-d) , and this memory effect S value for the database after removing data generated through SIMS and data from macroscopic and clearly secondary sulphide textures, with the blue boxes denoting the 95% confidence interval. See Supplementary Information for database details. 
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is difficult to avoid in the parameter space that we consider reasonable. For example, a sizable decrease in the magnitude of residual D
33
S values can be achieved by decreasing by a factor of five the size of the rapidly weathering pyrite reservoir from that in the reference model (Fig. 3d) . However, this results in geologically unrealistic fluxes and residence times relative to observed mass-age and area-age distributions of weatherable sedimentary rocks 25, 26 and the timescales of cycling through the Earth surface sulphur reservoir 27 . In other words, this decrease would require a severe departure from the sedimentary rock cycle that has been in place for most of Earth's history (Supplementary Information). Similarly, large, mass-dependent sulphur fluxes from volcanic or igneous sources can in principle dilute the memory effect, but extreme values for these fluxes are required for pronounced attenuation of the residual isotopic signal (Fig. 3b, c) . Once NMD isotope fractionations have been introduced into the system in an asymmetric fashion, the best taphonomic conditions for their preservation, in fact, result from all isotope fractionations being mass dependent. This mass dependence prevents homogenization, either locally or on a broad spatial scale, through mixing with isotopically complementary pools.
A residual NMD isotope signal incorporated into sedimentary rocks can persist in our model for roughly 10 8 yr after the cessation of its atmospheric production. However, it is difficult to extend the memory effect beyond the order of a single Wilson cycle (that is, ,200-250 Myr; Fig. 3 ). We note, however, that our simple model does not account for time-dependent changes in volcanic sulphur fluxes and microbial processing, and that large perturbations to either of these parameters during the pulsed decay of a residual NMD signal could in principle shorten this timescale somewhat. In addition, the texture, or temporal pattern, of the signal decay (regardless of the ultimate timescale of the memory effect) will depend strongly on the initial D
S value and the initial size of the seawater sulphate reservoir (Fig. 3a, f) . Larger seawater sulphate concentrations will result in greater temporal inertia as the system moves towards the isotopic properties of the weathering input with positive D S values of seawater sulphate in the model will change from being strongly negative to being strongly positive (Fig. 3) . In addition, during periods of NMD sulphur production the D
S composition of sea water should rapidly change back to values governed by atmospheric sulphur input, on a timescale ultimately dependent on the size of the seawater sulphate reservoir but probably not greatly in excess of ,10 5 yr. The net result of this would be an extremely dynamic, perhaps even noisy, rare sulphur isotope record, despite extremely long periods of oxidative crustal weathering.
It is commonly argued that biological oxygen production preceded the broad-scale and effectively permanent accumulation of oxygen in Earth's atmosphere by perhaps 200 Myr or more [5] [6] [7] [8] 28, 29 . Consistent with oxygenation before the so-called Great Oxidation Event, some data imply oxidative weathering over this interval [5] [6] [7] [8] . Our model suggests the possibility of excursions in atmospheric O 2 content that may have been well above the upper threshold for generating and preserving NMD sulphur isotope anomalies in marine sediments long before the disappearance of these signals from the record, on timescales more than adequate to support extensive oxidative weathering of crustal minerals 5, 7 . Alternation between periods of generation and non-generation of atmospheric NMD isotope anomalies on a range of timescales (10 5 -10 8 yr) would not be immediately manifest in the removal of these signals from the rock record due to the recycling effect. It has been suggested that the behaviour of O 2 in a relatively reducing atmosphere is likely to be characterized by strong hysteresis 30 such that the attainment of relatively 'high' O 2 (above ,10 25 times the present atmospheric level) may not be readily undone. Nevertheless, with atmospheric p O2 values (and, thus, residence times) far below those characteristic of the modern Earth we would naturally expect high-frequency oscillations in atmospheric p O2 with corresponding periods much shorter than the duration of the crustal memory effect within the D
S record, and with biological oxygen production emergent and the interplay between this process and inorganic buffering mechanisms varying in ways that may have been episodic.
The model permits oscillatory behaviour for the oxygen cycle during earlier portions of Archaean time, because NMD signals would persist even as p O2 rose and fell on timescales of millions of years. However, 
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our model also implies that a pulsed or irreversible rise in atmospheric O 2 during the late Archaean may have preceded the ultimate disappearance of NMD sulphur isotope anomalies from the rock record by ,10 7 -10 8 yr. Combined, these results suggest that the texture of atmospheric redox evolution on the early Earth may have been highly dynamic and may call into question the notion of a Great Oxidation Event as strictly understood-that is, that there was a moment or brief period in Earth's history when the oxygen concentration increased permanently to levels above those required to support the production and preservation of NMD anomalies in the atmosphere-and instead suggest that the oxygenation of the atmosphere could have been a protracted process 8 . Viewed in this way, our model suggests that many of the climatological and geochemical upheavals witnessed by the Archaean-Proterozoic transition, including the earliest recorded widespread glaciations 31 and the deposition of perhaps the largest iron and manganese deposits in Earth's history 32 , may have been linked more directly to excursions in atmospheric O 2 content than current interpretations of the rare sulphur isotope record indicate. The details of oscillatory redox behaviour and the timing of oxygen's irreversible increase, along with the further constraint of the input parameters controlling the fabric and lags in the NMD record, are topics for future research. Nevertheless, recycling of crustal sulphur with relict NMD isotope anomalies must be considered in further attempts to explore quantitatively the palaeoenvironmental and palaeobiological implications of the Archaean sulphur isotope record.
METHODS SUMMARY
We model the dynamics of the isotopic composition of seawater sulphate through time, as governed by the input fluxes and isotopic compositions of sulphur associated with weathering of sulphides from two sedimentary reservoirs (F w,y and F w,o ), weathering of sulphide from an igneous (and, thus, isotopically normal) reservoir (F w,ig ) and volcanic sulphur emissions (F v ), balanced against the removal of sulphur from the ocean in association with the burial of sedimentary pyrite (F b,py ). The time-dependent isotope mass balance equation for seawater sulphate is then given by equation (1) . The isotopic composition of a given reservoir i is defined according to conventional 'delta' notation as 16, 33 . However, there is also ample geological justification for such a model configuration [16] [17] [18] 27, [33] [34] [35] , and subsequent work has shown that this assumption results in a good agreement between proxy-based reconstructions of Phanerozoic atmospheric composition and those derived from mass balance models 21, 22, 34, 36, 37 . Model equations. Full derivation of the mass balance equations is given in Supplementary Information. The model solves a series of coupled isotope mass balance equations for oceanic and crustal sulphur: 16, 19, 38, 39 ; the residence time of sulphur as it cycles through the exogenic system 20, 27 ; the fraction of overall sulphur input derived from the rapidly recycling sulphur reservoir 25, 34, [40] [41] [42] ; the residence time of sulphur in the rapidly recycling reservoir with respect to weathering 16, 17 ; and the residence time of sulphur in the rapidly recycling reservoir with respect to removal to the old reservoir 16, 34, 42 (the 'aging flux' of the young pyrite reservoir). The range of F v values was chosen to encompass estimates of the modern volcanic sulphur flux and values scaled up to reflect the possibility of greater crustal heat flow and volcanic activity during Earth's early history. Estimates of the modern volcanic sulphur flux are typically of the order of ,(2-3) 3 10 11 mol yr 21 (refs 39, 43-47) , and we use an estimate of 2 3 10 11 mol yr 21 as our low volcanic flux. Heat flow through the crust has decreased with time, and as a result it is typically assumed that Earth's early history was characterized by increased rates of volcanism. Estimates vary, but it is unlikely that crustal heat flow during the Archaean was more than ,3-4 times that of the modern Earth [48] [49] [50] [51] . We therefore use a volcanic sulphur input of 1 3 10 12 mol yr 21 as our high volcanic flux. We note, however, that higher rates of heat flow through the crust need not require an increase in the mass flux from subaerial volcanic activity-much of this heat loss may have been accommodated by submarine mafic spreading centres 52 , which are essentially sulphur neutral in an anoxic and iron-buffered deep ocean. In each model run, the pyrite burial rate constant (k py ) is solved for to attain a steady state with the prescribed volcanic sulphur flux. Oxidative weathering of sedimentary and igneous rocks is then initialized, and the model allowed to evolve freely.
